Abrupt global warming and profound perturbation of the carbon cycle during the Paleocene-Eocene Thermal Maximum (PETM, ca. 55 Ma) have been linked to a massive release of carbon into the ocean-atmosphere system. Increased phytoplankton productivity has been invoked to cause subsequent CO 2 drawdown, cooling, and environmental recovery. However, interpretations of geochemical and biotic data differ on when and where this increased productivity occurred. Here we present high-resolution nannofossil assemblage data from a shelf section (the U 
INTRODUCTION
The Paleocene-Eocene Thermal Maximum (PETM) was characterized by dramatic reorganization within marine and terrestrial ecosystems coincident with one of the most abrupt global warming episodes in Earth history (e.g., Kennett and Stott, 1991; Thomas and Shackleton, 1996; Zachos et al., 2003) . Within 10 k.y. of the PETM onset, sea-surface and deep-sea temperatures increased by 5-8 ЊC, and marine and terrestrial carbon isotope values decreased by 3‰-4‰ (e.g., Thomas et al., 2002) . Input of massive amounts of greenhouse gas from the dissociation of methane hydrate is currently the most viable explanation for the warming and the carbon isotope excursion (e.g., Dickens et al., 1997; Katz et al., 1999) .
A series of responses within plankton assemblages has been recognized across the PETM. At open-ocean sites, this turnover is thought to reflect warmer and more nutrient-depleted conditions during the onset and peak of the event caused by thermally enhanced stratification (Kelly et al., 1998; . However, geochemical and other biotic proxies at some of the same oceanic sites and at shelf locations have been interpreted as evidence for increased primary productivity resulting from intensified continental weathering and nutrient-rich runoff (e.g., Thomas and Shackleton, 1996; Bains et al., 2000; Crouch et al., 2001; Stoll and Bains, 2003) . Since elevated primary production, along with enhanced weathering, has been proposed as a major negative feedback mechanism after the onset of the PETM (Bains et al., 2000; Ravizza et al., 2001) , it is critical that we determine the global *Present address: National Oceanographic Centre, University of Southampton, Southampton SO14 3ZH, UK. distribution of productivity at different stages of the event and thereby assess its role in carbon export and subsequent sequestration.
Calcareous nannoplankton are exoskeletal microalgae and represent one of the most important sources of carbonate to deep-sea sediments. The distribution of individual species in surface waters is controlled by temperature, salinity, and, especially, availability of nutrients (e.g., Winter et al., 1994) . The paleoecology of extinct nannofossil species can be inferred from biogeography, paleoenvironmental proxy data, and comparison with extant taxa. Though there are limitations to these interpretations, nannoplankton allow global productivity reconstruction since they are almost ubiquitous in the oceans. Here we present detailed nannofossil assemblage records from the PETM at a central gyre location (ODP Site 1209, paleoequatorial Pacific) and a neritic location (USGS Wilson Lake drill hole, New Jersey). Our objective is to explore the nannoplankton response to the PETM in these disparate paleoceanographic settings and provide a detailed reconstruction of primary production during the event.
MATERIALS AND METHODS
Paleogene sediments from Wilson Lake (Fig. 1 ) consist of innershelf clay and glauconitic sandstones (Gibson et al., 2000) . Based on nannofossil biostratigraphy and the bulk carbon isotope record, the section is considered continuous for all but the uppermost part of the PETM ( Fig. 2 ; see Data Repository Figure DR1 1 ). The section is highly expanded, with an average sedimentation rate of ϳ8.4 cm/k.y. At ODP Site 1209, a stratigraphically complete PETM section is marked by a 25-cm-thick clay-rich horizon within nannofossil ooze . Average sedimentation rates are ϳ0.33 cm/k.y. Techniques to determine percent abundance were adapted after , and taxonomy followed Bown (2005) . Interpretations of whole assemblages, grouped taxa, Shannon-Weiner diversity records, and correlation coefficients were combined to minimize the closed-sum problem of relative abundance data and to clarify trends (see discussion in . Sampling details and the quality of records are described in DR1.
RESULTS: NANNOFOSSIL ASSEMBLAGES FROM WILSON LAKE AND ODP SITE 1209
Assemblages at Wilson Lake are exceptionally well preserved, with only limited intervals of minor dissolution (110.4-110.6 m) during the PETM as defined by the extent of the carbon isotope excursion ( Fig. 2 ; Fig. DR1 [see footnote 1]). Small placoliths, Toweius, and, to a lesser degree, Coccolithus pelagicus dominate assemblages (Table  DR1 ). The non-Toweius-Coccolithus assemblage is diverse and demonstrates significant stratigraphic variation. Discoaster, Fasciculithus, and Sphenolithus abruptly decrease in abundance at the onset of the PETM (Fig. 2) . The abundances of Campylosphaera, Coronocyclus, Neochiastozygus, Neococcolithes, and Pontosphaera increase at the onset of the PETM and remain elevated through much of the recovery. Abundance variations are also reflected in the Shannon-Weiner diversity index, which decreases abruptly at the event onset.
Calcareous nannofossil preservation at ODP Site 1209 is consistently good except for the ϳ8 cm peak PETM interval (216.22-216.30 m) (Figs. 2 and DR1). Shannon-Weiner diversity increases below the onset of the PETM, then decreases temporarily at the event peak. Assemblages are dominated by Coccolithus accompanied by lower abundances of Toweius. The non-Coccolithus-Toweius part of the assemblage is dominated by Discoaster, Fasciculithus, and Sphenolithus (Table DR1 ). The peak of the PETM also corresponds to abundance peaks of Markalius and calcareous dinoflagellates (216.31 m), followed by Biantholithus (216.26 m), Braarudosphaera (216.20 m), and Zygrhablithus (216.15 m). These peaks are not attributed to dissolution, as other robust taxa (e.g., Discoaster and Sphenolithus) do not increase in abundance. Abundances of Campylosphaera, Coronocyclus, Neochiastozygus, and Neococcolithes are markedly lower at ODP Site 1209 than at Wilson Lake, but increase toward the top of the interval investigated.
DISCUSSION Ecological Significance of Assemblage Variations
Nannofossil assemblages below and above the PETM at Wilson Lake and ODP Site 1209 differ significantly. These differences intensify during the onset and peak of the PETM, indicating disparate biotic responses and environmental shifts. Excellent preservation may in part account for the higher assemblage diversities observed at Wilson Lake; however, environmental factors are likely responsible for the wholesale differences in assemblage composition.
Correlation coefficients between nannofossil abundances highlight taxa that demonstrate similar trends, suggesting possible ecological groupings and, to a lesser degree, preservational robustness (Table  DR2) . At Wilson Lake, Discoaster, Fasciculithus, Sphenolithus, Zeugrhabdotus, and Zygodiscus covary and show opposite trends to small placoliths, Campylosphaera, Coronocyclus, Neochiastozygus, Neococcolithes, and Pontosphaera. Based on their biogeography and relationships with paleoenvironmental proxies, Discoaster and Sphenolithus are considered K-selected (''specialist'') taxa adapted to oligotrophic and warm-water environments (e.g., Haq and Lohmann, 1976; Chepstow-Lusty et al., 1992) . Although the abundance of these taxa is affected by both nutrient availability and temperature, their decrease across the onset and peak of the event at Wilson Lake coincides with an inferred warming trend of 8 ЊC (Zachos et al., 2005b) , suggesting that nutrient availability exerted a stronger influence at this location. The second group is considered mesotrophically adapted taxa based on the ecology of modern small placoliths, including Gephyrocapsa spp. and Emiliania huxleyi, which are typically opportunists flourishing in higher-productivity settings (e.g., Winter et al., 1994) . At ODP Site 1209, Discoaster, Fasciculithus, and Sphenolithus also covary, along with Chiasmolithus and Ellipsolithus. These taxa show opposite trends to Campylosphaera, Coronocyclus, Neochiastozygus, and Cruciplacolithus.
Interpretation of assemblages at Wilson Lake is based primarily on productivity variation with only small changes in salinity, at least seasonally, inferred from oxygen isotope records (Zachos et al., 2005b) and reflected in consistently high nannofossil diversity. Rapidly increasing abundances of mesotrophs accompany low abundances of oligotrophs at the onset of the PETM, with high abundances of mesotrophs persisting through much of the recovery (Fig. 2) .
Assemblages in the non-Coccolithus fraction at ODP Site 1209 are dominated by taxa adapted to warm and oligotrophic environments. Despite a pronounced trend toward increasing warmth and/or oligotrophy just prior to the PETM, the majority of the assemblage changes occur during the onset and peak of the event, reflecting an abrupt increase in the rate of environmental change. At the peak of the PETM, sequential abundance maxima of calcareous dinoflagellates, Markalius, Biantholithus, and Braarudosphaera are observed. These taxa also dominated nannofloras immediately above the Cretaceous/Tertiary boundary and are interpreted as being adapted to highly stressed environments (Thierstein, 1981) . Braarudosphaera (a possible thermocline dweller) and calcareous dinoflagellates are abundant on modernday shelves and are considered adapted to significant environmental variability (Perch-Nielsen, 1985) . At ODP Site 1209, foraminiferal ␦ 18 O and Mg/Ca values suggest a temperature increase of 4-5 ЊC and a salinity increase of 1-3 ppt at the onset of the PETM (Zachos et al., 2003) . Though we cannot dismiss salinity variations, they are not considered to be significant, as nannofossil diversity is consistently high. The paucity of mesotrophs and the high background diversity indicate that during the peak of the PETM there were, at least seasonally, highly depleted surface-water nutrient levels. Increased seasonality may account for the unusual assemblages including abundant oligotrophs and taxa adapted to greater surface-water variability and/or deeper habitats. Increased stratification and less efficient biological pumping are also indicated by decreased carbon isotope gradients between planktonic and benthic foraminifera at the onset of the PETM (Zachos et al., 2003; Tripati and Elderfield, 2005) .
Biotic and Geochemical Paleoproductivity Proxies in Open-Ocean Sites
How do we reconcile the nannofossil evidence for oligotrophy with geochemical and benthic assemblage changes that suggest increased productivity at several open-ocean sites during the PETM? First, though the character of benthic foraminiferal assemblages reflects decreased bottom-water oxygenation and increased food supply, these may be decoupled from surface-water productivity (Thomas, 2003) . Secondly, barite enrichment at the PETM, attributed to increased surface-water productivity (Bains et al., 2000) , may instead reflect massive Ba release from methane hydrate reservoirs (Dickens et al., 2003) . Thirdly, variations in nannofossil Sr/Ca ratios (Stoll and Bains, 2003) reveal important responses of individual genera but are not indicative of changes in total calcareous nannoplankton productivity . More importantly, however, biotic and geochemical proxy interpretations are in consensus that open-ocean productivity recovered in the later stages of the event. Combined, the proxy records contribute a fuller picture of surface-water productivity, export production, and organic preservation across the PETM. 
A Global Picture of Plankton Productivity Changes Across the PETM
In the modern ocean, nutrient and trace metal availability regulate a continuous distribution of surface-water primary production levels, from the most productive settings such as areas of upwelling and fluvial plumes, to relatively unproductive settings such as the more stratified waters of the central gyres. This ''trophic resource continuum '' (Hallock, 1987) should expand, accompanying a change from a relatively well-mixed to a stratified, warm ocean at the onset of the PETM (Boersma et al., 1998) . In support of this, ODP Site 1209 and Wilson Lake demonstrate a clear divergence in productivity responses across the onset of the PETM. This disparity is further supported by fossil plankton records at open-ocean sites in the Atlantic, Indian, and Pacific Oceans (e.g., Kelly et al., 1998; Tremolada and Bralower, 2004) , which provide compelling evidence for transient, decreased open-ocean productivity coincident with the onset of the PETM. Subsequently, these records suggest a global recovery of productivity levels during the later stages of the event.
The data from Wilson Lake suggest a seasonal or overall increase in productivity during the onset and peak of the PETM on the shelves. In addition, organic-walled plankton, calcareous microfossil data, and geochemical records from the margins of Tethys, New Jersey, and New Zealand suggest that shelf and slope areas were characterized by highly variable mesotrophic environments (e.g., Kaiho et al., 1996; Monechi et al., 2000; Crouch et al., 2001; Speijer and Wagner, 2002) . This variability reflects a broad neritic to slope productivity gradient with localized differences related to nutrient availability.
On modern shelves, terrestrially sourced nutrients and localized upwelling promote higher biological productivity and higher accumulation rates of carbon relative to most open-ocean environments, accounting for 30%-50% of total carbonate and ϳ80% of total organic carbon accumulation (Ver et al., 1999) . The shallow shelf regions were also effective traps for increases in terrestrially sourced nutrients during the PETM, reflected in localized increases in phytoplankton productivity. However, records of organic carbon burial suggest that increased productivity only resulted in geographically restricted increases in organic carbon burial rates (e.g., Kaiho et al., 1996; Speijer and Wagner, 2002) . Rather, increasing continental weathering rates may have played a more important role in CO 2 drawdown (Ravizza et al., 2001; Dickens et al., 1997) . During the recovery interval, this may be reflected in a net increase in global carbonate accumulation (Zachos et al., 2005a; Kelly et al., 2005) , resulting from enhanced carbonate preservation and perhaps from the recovery in open-ocean primary production documented here.
CONCLUSIONS
New and published data provide a global picture of spatial variability in primary productivity change across the PETM. Lowproductivity, open-ocean sites demonstrate a global but transient increase in oligotrophy during the onset and peak of the event, which may have resulted from a widespread increase in stratification and less efficient biological pumping. In contrast, productivity variations are more localized on the shelves, with higher-productivity communities spatially restricted to areas of increased nutrient availability. Interpretations of paleoproductivity proxy data are in consensus that productivity levels recovered in the open ocean during the later stages of the event. Calcareous phytoplankton production in conjunction with increased continental weathering rates, and, to a more limited degree, increased organic carbon production and burial in shelf areas, were likely involved in CO 2 drawdown and ultimately climatic recovery.
